Abstract-In routing problems, the aim is to determine a least cost route for vehicles covering a specified set of locations, subject to some constraints. How the cost is calculated and minimized in these problems may include fuel consumption and other environmental criteria, such as pollution level. An example is determination of optimal routes for vehicles in solid waste collection in order to minimize the environmental impact caused by the vehicle itself. We address the problem in a broad level, known in literature as the General Routing Problem.
Scope
Arc routing problems (ARP) consist of finding least cost circuits that cover links (or a subset of links) of a graph, satisfying some conditions. One of the most important contributions in solving ARP was made by Edmond and Johnson [6] who solved in polynomial time the classical Chinese Postman Problem. Thereafter, many particular instances of ARP have been formulated, most of them shown to be NP-complete, but with little progress in their solution. However, in recent years some new approaches that deal with general cases of ARP have appeared. A few of them are mentioned below.
Benavent et al. [1] have studied the Windy Rural Postman Problem -WRPP, which generalizes a great number of ARP formulations. They suggested an exact procedure, based on cutting planes, and some heuristics. An extensive computational experiment with graphs of up to 196 nodes and 316 edges showed the effectiveness of the exact procedure. It was able to solve to optimality 185 out of 288 instances. All instances were solved when a branch-and-bound option was invoked.
Hassan Sherafat Department of Mathematics / Federal University of Sergipe Brazil WRPP was also studied by Benavent et al. [2] , in which some heuristics inspired in heuristics of Benavent et al. [1] and a new scatter search algorithm are presented. The last algorithm was shown to have high potentialities. It was capable of solving the WRPP for relatively large problems, with deviation from the lower bound under 2%.
Another outstanding recent paper is due to Corberán et al [4] . In this article another general formulation of ARP is studied: the Mixed Rural Postman Problem, considering the existence of inconvenient or forbidden turns on nodes. Two heuristics are presented: the first one transforms ARP to an Asymmetric Travelling Salesman Problem. The second one is a constructive method based on Tabu Search metaheuristic. The second approach was shown to be more efficient, achieving average deviation of 1% from optimality for problems of up to 200 nodes and 480 links. However, the transformation method was adequate only for instances with few edges. As authors have noticed, the results obtained in instances with more than 30 edges were very poor. This limitation has been shown also by Laporte [10] in a similar transformation approach.
In this paper we present a new formulation for the ARP, which is more general than the problems listed above, and suggest an intuitive transformation method that makes it possible to solve a variety of arc and node routing problems subject to turn restrictions. Our approach is based on the same strategy line used by Laporte [10] and Corberán et al. [4] . However, we could successfully solve the problem for any graph configuration, including cases with a large number of edges. In fact, we could solve nearly to optimality mixed and undirected examples of up to 1000 edges.
be a mixed graph in which N , A and E are the sets of nodes, arcs and edges, respectively, and
be the sets of required nodes, arcs and edges, i.e., the sets of links and nodes that need to be served. The problem is to construct a minimum cost circuit that contains all above required sets, subject to turn restrictions on nodes. We call this problem as General Routing Problem (GRP).
The GRP has its own applications: consider any vehicle routing problem in which many points to be served are distributed along the streets (one-way and two-way streets), while other points stand in isolated locations, and yet there are traffic regulations on crossings that should be respected. GRP is a practical and useful generalization for many routing problems. However, many other formulations may be derived from this general problem.
In the following sections we introduce an intuitive transformation method that makes it possible to solve GRP, including any particular form of the CPP or RPP, as a standard TSP. Furthermore, we show how the node restrictions (prohibited left-turns and U-turns), can be handled by this method. Although such prohibitions are considered as strong constraints in the real-life problems and could be associated with any of the above formulations, they are usually neglected in most theoretical approaches for solving routing problems.
II. Transformation
Some authors have suggested transforming the Arc Routing Problem into a Node Routing Problem (NRP), which is then solved as a TSP. Pearn [13] devises a method to transform the undirected case of an ARP with m edges to an equivalent NRP with 1 3  m nodes. He doesn't report any computational experience. Laporte [10] suggests a different and interesting approach for performing such a transformation, which transforms an ARP to an equivalent Generalized Traveling Salesman Problem, in the first step, and in the second, this problem to a standard TSP. As describedby the author, the method behaves well when the graph is directed or has only a few undirected edges. It fails when there are too many edges. Corberán et al. [4] Step 1 Graph ) , (
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Therefore, there exists a one-to-one relation between a TSP solution in 4 G and a postman tour on the mixed graph G.
A discussion about the solution techniques for the TSP is outside the scope of this paper. Any method to solve the asymmetric case of TSP may be employed. However, our approach is motivated by the recent improvements in this field. Johnson et al. [9] and Voudouris et al. [18] have suggested approximate solutions that have been applied successfully to large scale Traveling Salesman Problems. In our computational tests, we adopted the Guided Local Search metaheuristic, developed by the latter author. Rodrigues [14] presents computational tests for this method, using medium and large sized test graphs, up to 14.000 nodes, with known optimal solutions. Near optimum solutions have been obtained in a relatively short time.
IV. Turn Restrictions
In contrast to the present approach, and that employed by Corberán et al. [4] , most other techniques solve the arc routing problems in two distinct stages (see [7] ): the first is to determine a minimum cost augmentation of the graph; and the second, to construct a tour which covers the required components of the graph. With turn restrictions, the second stage becomes a relevant problem. The augmented graph obtained in the first stage may require new augmentation in order to comply with the turn prohibitions, as we can see in the following case.
Suppose that in the mixed graph shown in figure 2(a) , the U-turns in nodes 1 and 2 are prohibited. D may be structured, not only by link costs, but also by node traverse penalties. Therefore, the TSP solution provides a complete feasible solution to the arc routing problem, which minimizes the whole cost: link distances and bad-turn penalties. This is one of the main advantages of the method presented here. Now, we consider the implementation of turn restrictions, using a typical situation as shown in the figure 3(a) . The example may be viewed as a part of a bigger graph which represent the prohibited U-turns and left turn. In the third step of the above algorithm, the shortest paths procedure should be applied to the expanded graph 2 G . Now, the shortest paths calculated from nodes 1a , 1c and 1d to all other nodes will find feasible turns for each case, which may be formed by a longer path than a simple connecting arc. In the forth step, the expanded graph will be reduced to a graph with identical dimensions as 4 G in the previous algorithm.
These operations are detailed in the following section for the case of General Routing Problem. 
V. The General Routing Problem
In this section, the transformation procedure, previously described for MCPP, is generalized for GRP. Step 1
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The algorithm described above, transforms the General Routing Problem, defined on the mixed graph G, to a pure node routing problem, defined on the directed graph 4 G . The correspondence between these two problems may be verified in a way similar to thatshown for the MCPP version of the algorithm, considering that each required node in the original graph is represented by a single node in the transformed graph, each required arc also by a single node, and each required edge by two nodes interconnected by a pair of arcs with highly negative costs.
The computational complexity of the algorithm is bounded
, due to the shortest paths calculations in its 3 rd Step. Therefore, the transformation phase of solution method is an efficient procedure. However, the global efficiency depends on method to be used for the second phase (TSP solution).
VI. Computational Results
The procedure described above was implemented on a personal computer equipped with Pentium IV 2.0 GHz Processor. In order to compare computational results with other recent expressive works, we oriented the tests towards solving the Mixed Chinese Postman Problem and the Mixed Rural Postman Problem with Turn Penalties -MRPPTP.
For MCPP the tests were done on randomly generated pseudo-manhattan graphs. These were constructed on a grid of n = pX q nodes, in which any node may be connected to no more than eight other nodes, except the frontier and the corner nodes, which may be connected at most to five and three nodes, respectively. A predefined number of arcs and edges are randomly distributed among the nodes, assuring the connectivity condition for the graph. The graph is of pseudomanhattan type, therefore crossing diagonal links are allowed. For each value of n (node number), five graphs with increasing percentage of directed links were generated: with 0%, 25%, 50%, 75% and 100% of directed links. So, not only the mixed case was handled, but also the two extreme cases, totally directed and totally undirected cases were included in the tests. Such graphs were passed through the transformation steps and then solved by a TSP code based on a Guided Local Search approach [14] . Table 1 shows detailed information about these computational tests. In each case a lower bound on the MCPP circuit distance is provided, which is calculated by solving the CPP over the undirected network, derived from the original one by ignoring all arc directions. Also, for each tested graph a good known solution is reported, obtained from a special routine included in the random graph generator, which permits constructing the network together with a good feasible solution for the MCPP. This solution stands very close to the optimal solution.
As we can see, the solutions obtained have a maximum deviation of 7.9%, in relation to the corresponding lower bounds, considering all mixed cases. It is worth noting that for the totally undirected problems, the lower bound is also the optimal solution; however, for totally directed cases, the lower bound may be much lower than the optimal MCPP solution.
Our solutions outperform or are equal to the good known solutions, in almost all cases. In only three cases did we observe deviations, all of which were under 0.9%.
Since the Guided Local Search used for the second phase of the proposed method is an iterative procedure it is possible to obtain less approximate solutions in shorter times. For example, solving the graph Mix500A25 (with 500 nodes, 250 arcs and 750 edges), at the execution time t 2 = 60 seconds, we could register a solution that stands 7.2% above the Lower Bound.
The time consumed by transformation procedure is significantly smaller than the time used by the TSP procedure. For example, for graphs with 500 nodes and 1000 links, the average transformation time is 21.5 seconds, while the average time used by TSP routine is 161.8 seconds. |A R | (2) |E R | (3) |N T | (4) C/C 1 (9) C/C 2 (10) D11 Ser: set of randomly generated test graphs A R : range of required arcs of the set; E R  number of required edges of the set; N T : range of node number of transformed graph (dimension of final distance matrix) of the set; C/C 1 : average ratio between the calculated circuit costs and solutions obtained by Heuristic 1 of Corberán et al. [4] ; C/C 2 : average ratio between the calculated circuit costs and solutions obtained by Heuristic 2 of Corberán et al. [4] ; Table 2 shows statistical results of computational tests using the proposed method, compared with two Heuristics of Corberán et al. [4] , and the exact solution, whenever existing. Average deviation between obtained solutions and optimal solution is 0,15%. Among all 216 instances, the worst deviation from a known optimal solution stands on 0,99%. If compared with heuristics of Corberán et al. [4] , the proposed method in average outperforms Heuristic 1 and Heuristic 2 by 6,64% and 1,06%, respectively. However, the computational time for our method is significantly greater than time consumed by either heuristics.
VII. Conclusions
Transportation and logistics have a considerable impact on environment, but optimization tools may minimize its effects.In this paper, we defined and presented a solution method for the General Routing Problem, which consists of determining a least cost circuit that covers given subsets of arcs, edges and nodes of a mixed graph, subject to turn restrictions on nodes. The Mixed Chinese Postman Problem, the Rural Postman Problem and their variations are particular cases that can be handled by this method. Our solution is based on an efficient graph transformation that makes it possible to solve the resulting problem as a standard TSP.
Computational results for MCPP and MRPPTP confirm the efficiency of the method for solving large number of random instances. For MCPP case, near optimum problems of up to 500 nodes and 1000 links were solved. For MRPPTP case, 216 test problems used by Corberán et al. [4] were solved, for all of which the average deviation from the optimal solution stood around 0,15%, with a worst deviation of 0,99%. The proposed GRP method outperforms in solution quality both heuristics presented by latest authors.
The proposed method solves one of the most general formulations of the routing problems, without loss of quality and performance when applied to particular cases. Moreover, it admits node restrictions (prohibited left-turns and U-turns), which are considered as strong constraints in the real-life problems and may be associated with any routing formulation, although neglected in most theoretical approaches.
